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The solid state work has made tremendous progress. Within = 2 years, we have
successfully produced an optically triggered thyristor based in GaAs, developed a model for
breakdown, investigated and are developing 2 related devices, are getting at the basic limitations of
GaAs for these applications, and are developing models for the physical processes that will
determine device limitations. We have developed important collaborations, with Harold Fetterman
of UCLA, Ch. Myles of Texas Tech, and Dan Dapkus of USC. The program has achieved these
results based on collaborations that did not use excessive funding.

The previously supported gas phase work — resulting in the back-lighted thyratron — has
actually resulted in a very changed view of how switching can be accomplished, and this is
impacting the design of important machines. For example, Livermore is now considering a BLT-
based redesign of an accelerator modulator output switch, in order to eliminate magnetic pulse
compression, which has produced serious problems for ATA and ETA II at high repetition rates.

There are other important results. These include a hollow cathode electron beam, new
means of microwave and millimeter wave generation, and important applications for high energy
physics, including plasma based (wakefield-type) accelerators, and plasma lenses. The BLT is
also a candidate for a plasma lens application at SLAC for studies of fundamental physics.

These results have demonstrated very significant progress in understanding the physics that
limit development of solid state switches for pulsed power applications. (Attached is a paper on
"Lock-on".) In addition, the work demonstrated optically triggered thyristor switching, and thus
has made real progress towards implementation of the physics and development of pulsed power
switches. Such switches will have applications for light weight, high power airborne and other
applications - such as laser and accelerator pulsed power modulator components.
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Lock-on effect in pulsed power semiconductor switches
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ABSTRACT

Certain high voltage pulsed power switches based on semi-insulating GaAs or InP exhibit a
"lock-on” effect. In this paper, this effect is argued to be fundamentaily a transferred-
electron effect, and its experimentally observed characteristics are explained. The lock-on
effect causes high forward drop and high power dissipation for certain pulsed power

switches based on GaAs and various other direct gap materials.
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Pulsed power devices based on semi-insulating (SI) GaAs or InP are observed to
exhibit a unique property, commonly called the "lock-on" effect. This effect is most
conspicuous in bulk switches comprised of undoped or Cr-doped GaAs and Fe-doped
InP,1-5 but is also observed in junction devices with thick SI GaAs base layers.® Figure 1
shows the results of a typical experiment in which an opto-thyristor with a 200-um SI
GaAs:Cr base layer is opticaily triggered. In the ON-state, the device locks on or latches
on to a forward drop voltage of ~100 V or field of ~5 kV/cm. In this paper, a model that
can explain all the experimentally observed characteristics of the lock-on effect is presented,
but more importantly, implications of this model for materials under consideration for
pulsed power applications are discussed.

Any model of the lock-on effect must qualitatively and quantitatively explain the
experimentally observed characteristics of this effect, which include the following:1-®

« It is observed in devices fabricated with SI GaAs or InP but usually not with
Si,34 and is usually triggered into the lock-on state with an optical or
electron beam.!-6

« The current vs. voltage (I-V) characteristic of a lock-on device is of the
current-controlled negative differential resistivity (CCNDR) type or the S-
type (schematically shown in the bottom inset of Fig. 1), and has two
distinct features: a low-current, OFF-state branch, characterized by a
threshold voltage (Vy,); and a current-independent, ON-state branch,
characterized by a lock-on voltage (Vio).

» The lock-on electric field for a given material is independent of the lock-on
state current and the pre-trigger bias field, and is substantially larger for
InP than for GaAs. Typical fields are ~5 kV/cm for GaAs:Cr in opto-
thyristors,® ~8.5 kV/cm for GaAs:Cr photoconductive switches,* ~3.6
kV/cm for undoped GaAs,* ~4.8 kV/cm for GaAs:Cu:Si.¢ and 14.4
kV/cm for InP:Fe.3

(28]
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+ With higher defect density, the lock-on voltage is larger. A neutron
bombarded GaAs sample showed a lock-on field of ~49 kV/cm with
minimum pre-trigger bias of 67.5 kV/cm.3

« At lower temperature, the lock-on field is smaller. For a GaAs:Cr sample,
the lock-on field decreased from ~8 kV/cm at room temperature to ~6.2
kV/cmat 77 K3

* The pre-trigger bias field must be larger than a certain mimimum field that is
greater than the lock-on field. For InP:Fe, ~28.2 kV/cm were required
before locking on to 14.4 kV/ecm;3 for GaAs:Cu:Si, ~10 kV/cm were
needed before locking on to 4.8 kV/cm.?

Double injection has been proposed as a possible mechanism for lock-on,” and
internal reabsorption of recombination radiation was used to explain the CCNDR observed
in SI GaAs:Cr p-i-n diodes.® These models may be able to reproduce qualitatively the
lock-on behavior, but cannot account for all the lock-on charactenstics quantitatively. We
argue here that the lock-on effect is fundamentally related to the wansterred-elecwron (TE)
effect? and instabilities associated with it. This explanation is supported by the observation
of the lock-on effect in GaAs and InP (which have bandstructures that tavor the TE etfect)
but not tn St (which has a bandstructure that does not).

The presence of a larger concentration of native defects in GaAs and InP than is
found in Si can also strongly affect the I-V characteristics of these materials. Such defect
related effects are accounted for in our model, which includes the trapping-scattering ettects
of deep levels. However, we show elsewhere!O that the same type of material
bandstructure which is responsible for the TE effect? is also necessary for lock-on to oceur.
In particular, in our model, a conduction bandstructure like those of GaAs and InP with a
lower-lying, small effective mass (high mobility) direct-gap valley and a higher-lving. large

effective mass (low mobility) indirect-gap valley is required.

e e
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We also note, in passing, that [-V characteristics of the CCNDR type have also been
observed in Si p-i-n structures.!l However, the mechanisms responsible for the behavior
are very different than the bandstructure related mechanism responsible for the TE effect.
Thus, within our model, they are unrelated to the lock-on effect also.

An explanation of lock-on based on the TE effect has previously been proposed by
others,*12.13 but their analyses were either incomplete or inconclusive. In addition to the
TE effect, the present model includes impact ionization due to high field charge domains,
trapping-scattering effects due to deep levels, and filament formation. While all of these
effects are found to be essential in determining the details of the lock-on characteristics.
such as, for example, the threshold field for lock-on, the lock-on effect itself is
fundamentally related to the same conduction bandstructure characteristics responsible for
the TE effect. We distinguish between threshold effect, wherein collisional processes
resulting from the presence of scattering centers can result in lock-on and the physical
mechanism responsible for lock-on which is a bandstructure effect.

The TE effect leads to a negative-differential mobility (NDM) which is unstable
against the formation of one or more high-field domains when the biased field is above the
NDM threshold field.? In lock-on devices, because of the high resistance of the SI
material, a large field can be maintained across the device before triggering. Once the
device is triggerad, the trigger-beam generated carriers cause high-field domains to form.
In our model, the high field in the domain generates more carriers through impact
ionization, and the device makes a transiton to the lock-on state. The impact 1onization
within the high-field domain competes with the trapping eftect of the deep levels, and
interaction of these two processes determines the characteristics ot the lock-on eftect.

The filament conduction is necessary in lock-on devices to explain the voltage-limiter-
like characteristic in the ON-state branch of the I-V curve. It is commonly accepted that
CCNDR in the J-V curve of a device is unstable against the formation of filaments.'* and

this leads to a voltage-limiter-like behavior in the I-V curve (bottom inset of Fig. 1). The
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limiting voltage is determined by the minimum voltage in the NDR region ot J-V curve, and
the filament radius is determined by the device current. In our model, this limiting voltage
is same as the lock-on voltage, and its experimentally observed characteristics are
explained.

The higher lock-on field for InP (compared to that for GaAs) is, at least semi-
quantitatively, explained in our model by the bandstructure difference in the two materials.
In particular, the L-valley minimum of InP is ~0.53 eV above the I'-valley minimum and is
larger than the difference between the two minima in GaAs, which is ~0.31 eV.
Consequently, the ratio of the NDM threshold field for InP to that for GaAs is ~3.3.9 For
the one case where it has been measured, the observed lock-on field for SI InP is larger
than that for SI GaAs by a factor which depends on the measurement conditions and the
type and density of defects in the GaAs material.3 In most cases, however. the factor is
very similar to above ratio.

The effect of defect density on the lock-on voltage is explained within our model by
noting its effects on carrier scattering and trapping. For SI materials, the density of neutral
deep impurity centers is much larger than the density of trapped centers which are usually
negatively charged. For neutral impurity scattering, the relaxation time is inversely
proportional to the impurity density.!> With high defect density, therefore. the scattering
relaxation time is short, and a large electric field is needed for carriers to attain enough
energy to transfer to the satellite valley after collisions. In addition, the carrier trapping rate
is directly proportional to the deep level density. Therefore. for materials with a high
Aensity of deep levels, a high field is needed to increase the impact 1onization rate and
balance the high trapping rate.1V

Deep impurity scattering modities the velocity-field relationship, and thus the mobihty
of the material. It is reasonable to assume that the low-field mobility would decrease and
the NDM threshold field would increase with the increasing density of deep impurities.

Incorporating this effect into our model, the NDM threshold field can be obtained once the
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low-field mobility is known. For undoped GaAs the low-field mobility is ~6000 cm-/V-
5,16 and for GaAs:Cr, the low-field mobility is ~4400 cm2/V-s.!7 In our model, these
mobilities respectively give predicted NDM threshold fields of 3.7 kV/cm and 3.1
kV/cm.10 These numbers are very similar to the observed lock-on fields for these two
types of GaAs material. Ideally, measured low field mobilities for the same samples as
used in the lock-on measurements should be used in the calculations, and this might alter
slightly the above predicted fields. Since this is not possible, we have used mobilities from
the literature!6-17 in these initial calculations. Neverthelcss, the similarity in the computed
results and the observed lock-on fields should indicate that our model is at lest semi-
quantitatively correct.

The effect of the temperature on the lock-on field is related. in our model, to the
temperature dependence of scattering mean free path. The mean free path increases as the
temperature decreases. Thus, a low field 1s needed to scatter electrons to the satellite
valley. It has been shown experimentally that for n-type GaAs the negative-differential-
mobility (NDM) threshold field linearly decreases with temperature.!® The ratio of NDM
threshold field at 300 K to that at 77 K is very similar to the ratio of corresponding lock-on
fields at these temperatures. !0

The requirement of a certain minimum bias field for tnggering lock-on is related to the
requirement of minimum concentration of carriers that must be generated initially before a
domain can form and the device can make a transition to the lock-on state. This
requirement affects the threshold behavior and not the lock-on field itselt. With a low-
power triggering beam, a large pre-trigger bias field is necessary to switch the device into
lock-on since the impact-ionization generation rate, which is a function of carrier
concentration and field, must be larger than the trapping rate.!? Otherwise. the device
would operate in a photoconductive mode.

Some important conclusions pertaining to pulsed power switching can be made on the

basis of our model. The most important of these is that since the TE effect is expected in
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most direct gap semiconductors that have indirect gap minima with large effective masses,
the lock-on effect should also occur in such materials. Semiconductors that have displayed
the TE effect include GaAs, InP, CdTe, InAs, InSb, ZnSe, and many ternary and
quaternary compounds. The lock-on effect must therefore be considered when using these
materials in pulse power switching devices. Pulsed power switches—as distinct from
other switches including fast, high voltage switches that transfer small energies—are
required to hold off large voltages (= 1 kV), switch large currents (2 1 kA), and transfer
large pulse energies to a load (> several joules). In a typical application, a switch might be
used to hold off 25 kV, switch a peak current of 5-10 kA, and transfer ~20 J of energy. It
is often of importance that switches designed for such applications transfer energy
efficiently—particularly when high repetition rates are required. The lock-on effect thus
poses an intrinsic limitation for bulk (such as photoconductive) or bulk-type (such as a
thyristor with a thick base required for high hold-off voltage) pulsed power switches based
on materials where the TE effect can occur. For example, GaAs devices that are 2 100 pum
thick may be expected to have a forward drop of 2 50 V, which will be excessive for many
high current applications. Similar limitations may be expected for the other matenals listed
above. Thus, materials in which the TE effect can occur may not be suitable candidates for
switching applications where low output impedance is required of the modulators.
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Zutavern. CWM thanks the Department of Electrical Engineering at USC for their
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FIGURE CAPTIONS

Fig. 1. Typical profiles of current (the upper curve) and voltage (the lower curve) in a
pulse-forming line switched with a GaAs opto-thyristor.® In the ON state, the voltage
across the device i1s ~100 volts, corresponding to a field of ~5 kV/cm. Top inset: A cross
section of the GaAs opto-thyristor structure with Cr-doped, Bridgman grown, semi-
insulating GaAs base layer. Bottom inset: Schematic representation of current-density vs.
voltage (J-V) and current vs. voltage (I-V) curves of lock-on devices. The lock-on devices

exhibit a current-controlled negative resistivity (CCNDR).
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